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ABSTRACT. We describe the assembly of layer-by-layer (LbL) ultrathin films containing 
bioactive hydroxyapatite (HAp) rod-shaped nanoparticles with mineralizing capacity. 
Monodisperse 96 nm long and 9 nm wide HAp nanorods with a surface charge of –14 mV were 
produced with a microfluidic system. The negatively charged HAp nanorods were assembled 
with the polycation poly-L-lysine (PLL) in LbL fashion. The successful deposition of alternating 
layers was confirmed by quartz-crystal microbalance with dissipation monitoring. The Voigt-
based viscoelastic model demonstrated steady film growth where three PLL/HAp bilayers 
reached a thickness of 70 nm. The bioactivity of [PLL/HAp]3 was evaluated in vitro by following 
the formation of a mineralized hydroxyapatite layer in simulated body fluid (SBF). X-ray 
diffraction, energy-dispersive X-ray spectroscopy and scanning electron microscopy (SEM) 
demonstrated formation of a crystalline hydroxyapatite layer and complete surface coverage 
within 7 days. SaOs-2 osteoblasts-like cells attached to the mineralized surfaces and developed 
longer filopodia extensions when compared to non-mineralized samples. Our results showed that 
[PLL/HAp]3 films are feasible osteoconductive coatings applicable to orthopedic implants and 
fixation devices.
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Current clinical practices for bone repair are dominated by autologous and allogeneic bone graft, 
which ensure the preservation of fundamental properties such as osteoconduction, 
osteoinduction, and osteogenesis. The success of such procedures is nonetheless limited: 
autografts are challenging to obtain due to donor site morbidity and necessity to do a second 
surgery, whereas allografts limitations emerge from the shortage of donors, risk of disease 
transmission and rejection.1-3 Moreover, there are no synthetic or heterologous bone substitutes 
available with the physical or biological properties as the original bone.4-6 As a consequence, the 
majority of critical bone defects are still unrecoverable and neither efficiently nor adequately 
treated.
The development of new biomaterials and processing routes of synthetic biomedical devices has 
been crucial to achieve enhanced bone repair. In this sense, the surface of an implant is the first 
contact established with the physiological environment: the events that take place at the surface 
of a new implant or a prosthetic device (e.g., proteins adsorption,7 osteoblast adhesion and 
proliferation)8 are decisive to define whether there is osseointegration – the physical anchorage 
of the implant to the native bone – or device rejection by the host. It is thus essential that an 
implant surface exhibits good osteoinduction – the stimulation of progenitor cells into bone cells 
– as well as osteoconduction – the ability to promote mineralization and bone growth at the 
surface of the implant.9-11 Bioceramics are considered suitable biomaterials for bone repair 
because of their high osteoconductive capacity. Among them, hydroxyapatite (HAp) is the most 
common choice to develop synthetic substitutes due to its chemical composition that is similar to 
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the mineral phase in the bone. In vivo, hydroxyapatite nucleation and mineral growth occurs 
within the extracellular matrix of cells and has the general formula Ca10(OH)2(PO4)6.12-14 
Calcium and phosphate concentrations between the implant and bone are augmented due to the 
dissolution of HAp from the implanted material, leading to precipitation and formation of a 
crystalline layer. Thus, HAp enhances the implant mineralization and induce the growth of a 
crystalline phase with shape, composition, and orientation that closely resemble the mineral 
phase of calcified tissues.15
HAp nanoparticles can be produced in different forms (e.g., spheres and needles) and in large 
amounts with controlled composition, size, and shape using relatively cheap synthetic 
approaches.16-19 Among different methodologies, microfluidic devices used for conventional 
nanoparticle syntheses offer several advantages such as reproducibility, stability, and versatility. 
These devices enable a high precision in the liquid handling, resulting in precise control of 
properties like shape, size, and morphology simply by modifying inherent physical factors such 
as the residence time, the capillary length and the flow rate.20-21 Furthermore, by using 
microfluidics, the costs can be notably reduced.22 Spherical particles are often the preferred HAp 
morphology choice, but in bone hydroxyapatite presents an elongated rod-like shape with 
dimensions about 50 nm × 25 nm × 4 nm. Compared to spherical nanoparticles, nanorods 
showed higher surface-to-volume ratio and higher total amount of calcium ions released to 
solution.23-24
The immobilization of a HAp layer on the surface of implant/device that is in direct contact with 
body fluids and cells is of crucial importance for proper osseointegration. Herein we use layer-
by-layer (LbL) to coat surfaces with HAp nanomaterials. LbL is a straightforward and versatile 
bottom-up surface modification technique that can be applied to coat substrates with different 
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geometries, from simple planar membranes to complex three-dimensional shapes.25-27 It consists 
of the consecutive deposition of different materials that are held together by supramolecular 
forces, such as electrostatic interactions, hydrogen bonding, and van der Walls forces.28 Its main 
advantage is the possibility for the incorporation of several classes of materials, including 
biomolecules and inorganic particles. The surfaces modified by LbL thus exhibit properties that 
are transferred from the incorporated building blocks. LbL versatility, together with the 
possibility to use aqueous solutions, makes this approach a mild and sustainable choice for 
bioactive surface buildup.29
In this work, we prepared LbL films by combining the polycation poly-L-lysine (PLL) and 
negatively charged HAp nanorods. The electrostatic interactions between PLL and the bioactive 
HAp nanorods result in a sequential hybrid nanocoating consisting of alternate layers of a 
biomacromolecule and a bioceramic. We hypothesize that the incorporated nanorods resemble 
not only structurally the inorganic phase of the bone but also biofunctionally, i.e. they will 
promote osteoinduction and osteoconduction.30-31 
EXPERIMENTAL SECTION
Materials and reagents. Hexadecyl-trimethylammonium bromide (CTAB), polypropylene glycol 
(PPG, molecular weight: 425 g mol−1, density: 1.004 g cm−3 at 25 °C), sodium phosphate, 
calcium chloride, sodium nitrite, poly-L-lysine hydrobromide (15-30 kDa), collagen (type I 
solution from rat tail), heparin sodium salt of porcine intestinal mucosa (grade I-A, ≥180 USP 
units/mg) and phosphate buffered saline tablets (PBS) used for the synthesis of HAp nanorods 
and LbL assembly were purchased from Sigma-Aldrich and were used without further 
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purification. Sodium chloride (LaborSpirit), sodium bicarbonate (Sigma-Aldrich), potassium 
chloride (VWR), dipotassium hydrogen phosphate trihydrate (VWR), magnesium chloride 
hexahydrate (Sigma-Aldrich), calcium chloride (VWR), sodium sulphate (LaborSpirit), 
tris(hydroxymethyl) aminomethane (Sigma-Aldrich), and hydrochloric acid (VWR) were used 
for the preparation of the simulated body fluid (SBF). Dulbecco's Modified Eagle's medium 
(DMEM, Sigma-Aldrich), MTS reagent (VWR), TrypLE Express (Alfagene), fetal bovine serum 
(FBS, Alfagene) DAPI (VWR), phalloidin (Sigma-Aldrich) and sodium bicarbonate (Sigma-
Aldrich) were purchased for the cell culture and characterization. Gold-coated quartz crystals 
(QSX301) were obtained from Biolin Q-Sense (Sweden). Triple distilled water was used to 
prepare all solutions.
Microchip fabrication. The microfluidic devices were created by lithography. The mould was 
obtained by exposing a 2” diameter silicon wafer to oxygen plasma to clean its surface, and then 
spin coating it with an epoxy resin at 500 rpm for 75 s to control the size of the channels (200 
µm). The solvent of the resin was removed by a pre-baking procedure carried out in a hot plate at 
60 ºC for 8 min and 95 ºC for 15 min. When the resin solidified onto the substrate, a mask was 
placed and the resin was crosslinked by UV lamp (365 nm) for 4 min. 
Next, the substrate was submerged in propylene glycol monomethyl ether acetate (PGMEA) for 
10 min in order to discard the non-exposed resin of the substrate. Then, to achieve a better 
robustness of the mould, it was baked at 135 ºC and 2 h. Afterward, polydimethylsiloxane 
(PDMS) was inserted into the generated mould and left for 45 min in an oven at 60 ºC until 
complete solidification was achieved. Once the PDMS chips were obtained, the concluding step 
was to assemble them to the surface of microscopy slides. To do so, the surfaces of the slides 
were also covered with PDMS and cured. Then, both the chips and the slides were put in a 
Page 6 of 38
ACS Paragon Plus Environment






























































plasma cleaner for 1 min to activate their surfaces. Once in contact, the microscope slides and the 
chips were merged correctly and consolidated, ending the process and obtaining the final 
microchips.
Synthesis of HAp nanorods. The HAp nanorods were synthesized by a microfluidic device 
consisting of two associated Y-junction chips. The required aqueous solutions were pumped into 
the system through the following inlets: A (Na3PO4), B (CaCl2), D (NaNO2 + CTAB + PPG) 
(Figure 1). Water was injected by inlet C to avoid obstruction and to improve the flow, 
effectively serving to drag the formed HAp through the channels. The initial solution 
concentrations were adapted from : 4 mM CTAB, 0.18 M PPG, 0.12 M Na3PO4, 1.56 M CaCl2, 
and 1.56 M Na3PO4, adapted from Liu et al32 and D’Elia et al.33  The inputs were attached to two 
syringe pumps (KDS 101 Legacy Syringe Pump) configured in such a way that allowed to 
maintain a precise and constant flow of 1.5 mL h–1 in each of the four syringes. The mixture 
obtained from the microfluidic system was purified following a thermal treatment to isolate the 
HAp nanorods from the salts and organic compounds derived from the micellar solution. It was 
placed in an autoclave at 100 °C for 24 h followed by filtration and washing the materials with 
distilled water to remove impurities. The material was then dried at 50 °C for 24 h and finally 
ignited in the muffle furnace for 3 h at about 400 °C.
Structural characterization of HAp nanorods. Different techniques were used to characterize the 
produced nanostructures. Images of the nanorods were obtained by JEOL JEM-2010 
transmission electron microscopy (TEM, Japan) with a 200 kV ultrahigh resolution and ZEISS 
field emission scanning electron microscopy (FE-SEM) Ultra Plus (Germany). HAp nanorods 
were suspended in 10 mL of butanol, dispersed by sonication for 30 min and dropped onto Cu 
grids for TEM analysis. A dry HAp powder was placed onto grids and a secondary electron 
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detector was used to capture the SEM images. The resolution (WD) was 2.1 nm, and the 
accelerating voltage (EHT) was 3.00 kV. A Philips type powder diffractometer (Netherlands) 
fitted with a Philips “PW1710” control unit, a Vertical Philips “PW1820/00” goniometer, and 
FR590 Enraf Nonius generator was used for determination of X-ray powder diffraction pattern. 
The copper radiation source was (λ(Kα1)=1.5406Å), working at 30 mA and 40 kV was used. 
The counting time was 2 s per step, and the step size was 0.02º. The X-Ray powder diffraction 
pattern was determined by measuring the scintillation response to Cu Kα radiation versus the 2Θ 
value over a 2Θ interval of 10-70. The ζ-potential was determined by operating a Malvern Zeta 
Sizer Nano ZS90 (United Kingdom) with a He-Ne laser (λ = 633 nm). HAp nanorods were 
dispersed in water by sonication for 30 min and then analyzed. The ζ-potential was calculated 
from electrophoretic mobility using the Henry equation (Eq. 1) and the Malvern`s ZetaSizer 
software (version 7.04):
(1)𝑈𝐸 =
2𝜀 𝜁 𝑓(𝐾𝑎) 
3𝜂
where ζ is the zeta potential, Ue is the electrophoretic mobility, ε is the dielectric constant, η is 
the viscosity of the sample and f(Ka) is the Henry’s function related to the size of the electric 
double layer.
Monitoring LbL film assembly. A QSense E4 quartz crystal microbalance (Sweden) with 
dissipation monitoring system was used to follow up the adsorption of PLL and HAp nanorods at 
a fundamental oscillation frequency of 5 MHz and its overtones (3rd, 5th, 7th, 9th, 11th and 13th). 
LbL was assembled on gold-coated quartz crystals pre-cleaned by a consecutive immersion in 
acetone, ethanol, and isopropanol (ultrasound bath, 40 ºC, 5 min each). Afterward, the crystals 
were washed with distilled water, dried under an N2 flow and plasma treated with UV and O3. 
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Clean crystals were placed in the QCM-D flow chambers. A dispersion of HAp nanorods (0.5 
mg/mL) and a solution of PLL (0.1 mg/mL) were prepared separately using acetate buffer (0.1 
M, pH = 4.00). A constant flow rate of 50 µL min–1 at 25 ºC was used for the deposition of each 
layer. The build-up started with PLL injected into the flow chambers for 10 min aided by a 
peristaltic pump, followed by the HAp deposition until frequency (F) and dissipation (D) 
stabilized. All deposition steps were followed by a rinsing step with acetate buffer (10 min) to 
remove loosely bound material. LbL constructs with three bilayers were obtained and 
abbreviated as [PLL/HAp]3.
Estimation of the film thickness and mass. The thickness of the assembled films was estimated 
using the Voigt-based viscoelastic model,34 integrated into the Dfind software (version 
1.1.2672.53037), based on Eqs. 2 and 3:
(2)∆𝐹 ≈ ―
1
2𝜋𝜌0ℎ0{𝜂3𝛿3 + ∑𝑗 = 𝑘[ℎ𝑗𝜌𝑗𝜔 ― 2ℎ𝑗(𝜂3𝛿3)2 𝜂𝑗𝜔2𝜇2𝑗 + 𝜔2𝜂2𝑗 ]}
(3)∆𝐷 ≈
1
2𝜋𝑓𝜌0ℎ0{𝜂3𝛿3 + ∑𝑗 = 𝑘[2ℎ𝑗(𝜂3𝛿3)2 𝜇𝑗𝜔𝜇2𝑗 + 𝜔2𝜂2𝑗 ]}
where k is the number of thin viscoelastic layers, ρ0 and h0 are the density and thickness of the 
quartz crystal, ρ3 is the density of liquid, η3 is the viscosity of the bulk liquid, δ3 is the viscous 
penetration depth of the shear wave in the bulk liquid, µ is the elastic shear modulus of an 
overlayer, and ω is the angular frequency of the oscillation. The thickness was calculated from 
the 5th, 7th and 9th overtones, setting the liquid density and HAp layer densities to default (1000 g 
L–1), and PLL layer density to default hydrated protein (1100 g L–1).
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Mineralization studies. [PLL/HAp]3 films were prepared by dip coating on gold-coated quartz 
crystals keeping the deposition times obtained from the QCM-D measurements. The rinsing step 
was carried out in acetate buffer by a gentle agitation. After the assembly, each crystal with the 
deposited LbL was rinsed three times in ultrapure water and immersed in 15 ml of SBF at 37 
ºC.35 Samples were retrieved after 1, 3, 7 and 14 days of immersion in SBF and analyzed as 
described below. Bare gold and [PLL/HAp]3 as-produced films were immersed in PBS as a 
control for 14 days. All sample preparation and mineralization procedures were conducted in 
sterile conditions.
Surface characterization of the LbL films. Before any analysis, the samples were rinsed in 
ultrapure water three times and left drying overnight at room temperature. The elemental 
composition of [PLL/HAp]3 films and assessment of the growth of the mineral phase of the 
constructs prior and after incubation in SBF for different time-points was performed with a JEOL 
JSM-6010 LV SEM with energy-dispersive X-ray spectroscopy (SEM-EDS, Japan). Zeiss 
Auriga Compact high-resolution field emission SEM (HR-SEM, Germany) was used for 
visualization of the typical cauliflower morphology of mineralized hydroxyapatite with higher 
magnifications (up to 10 000×) after 14 days of incubation in SBF.
In vitro cell culture. SaOs-2 cells were cultured in complete DMEM supplemented with 3.7 g L–1 
sodium bicarbonate, 10% FBS and 1% penicillin-streptomycin. SaOs-2 cells were routinely 
grown in 75 cm2 tissue culture flasks at 37 ºC in a humidified air atmosphere of 5% CO2 
exchanging the medium every three days until confluency was reached. Cells were detached 
from the flasks using TrypLE Express and resuspended in serum-free DMEM. A 100 μL cell 
suspension (2×104 cells/mL) was added on each studied surface (1.5 cm2), namely bare gold, 
[PLL/HAp]3 films, and films that were immersed in SBF for 7 days, placed in a 12-well plate. 
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Additional 900 μL of serum-free medium was added 3 h after the seeding to each well and 
incubated in a humidified air atmosphere (5% CO2, 37 ºC, 3 days).
Characterization of adhered cells. The samples were washed with PBS after culture for 3 days 
and then prepared for characterization. Cytoskeleton organization was visualized by fluorescence 
microscopy (AxioImager Z1M Zeiss, Germany). Cells were fixed with 10% formalin at 4 ºC for 
30 min, rinsed with PBS, and a phalloidin solution in PBS (500 μL, 1:200) was added to each 
well to stain the actin filaments of the cells’ cytoskeleton in red, left to react for 45 min at room 
temperature, followed by washing with PBS. The samples were then incubated in DAPI solution 
in PBS (500 μL, 1:1000) for 5 min to stain double-stranded DNA of the nuclei in blue, washed 
with PBS and imaged. Adhered cells were quantified by analyzing representative fluorescence 
pictures using ImageJ software (NIH, version 1.46r). MTS assay was used to assess cell viability. 
The samples were incubated in a 600 μL solution of MTS reagent in serum-free DMEM without 
phenol red (1:5) for 3 h at 37 ºC. The absorbance was read at 490 nm in a BioTek Synergie HT 
microplate ELISA reader (USA) and was directly related to the number of live cells adhered to 
the films. HR-SEM was used to visualize the filopodia of the adherent cells on each substrate. 
The samples were dehydrated by a consecutive incubation in solutions with increasing 
ethanol:H2O proportions (50:50, 70:30, 90:10 and 100:0). The dry samples were sputtered with 
gold and observed under HR-SEM with a magnification of 10 000×. 
Statistical analysis. Values reported for MTS assay and cell count reflect means ± standard 
deviation of triplicates. All values were analyzed by t-student statistical tests using GraphPad 
Prism 6.0 (GraphPad Software, Inc., USA). All results were considered statistically significant at 
p-value less than 0.05.
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HAp nanorods were obtained by a microfluidic device previously described by us.21 A solution 
of mixed micelles of CTAB/PPG was pumped into the microfluidic system to synthesize the 
material. The addition of the surfactant reduces the size of the nanoparticles as the CTAB and 
PPG form a micellar solution with a high degree of ionization. Above the critical micellar 
concentration, CTAB turns spherical micelles into rod-like shapes, constituting a template which 
gives HAp its final elongated shape. CTAB interacts with the PO4–3 groups33 and then Ca2+ ions 
are attracted, thus initiating the nucleation of HAp crystals at the interface of the micelles. 
Figure 1 shows a schematic representation of the complete microreactor-based system operation. 
Phosphate and calcium precursors are introduced by the A and B inlets respectively. The 
micellar solution is pumped through inlet D, and in the second microreactor the mentioned ionic 
interactions and the reaction takes place. 
Figure 1. Schematic representation of the microfluidic system operation.
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Figure 2a shows the XRD analysis of the microfluidic generated HAp nanorods. The patterns 
agree with the bibliographical records for hexagonal Ca5(PO4)3(OH) (JCPDS file no. 9-432), and 
no impurities were detected. The XRD peaks are notably broad, which is consistent with the 
spectra for nanosized hydroxyapatite particles.32
Figure 2. Characterization of the obtained hydroxyapatite nanorods by (a) X-ray diffraction 
pattern, (b) transmission electron microscopy and (c) scanning electron microscopy
Page 13 of 38
ACS Paragon Plus Environment






























































The fraction of crystalline phase was calculated from Eq. 4:
(4)𝑋𝑐 = 1 ― (𝑉112 300 𝐼300)
where I300 corresponds to the intensity (300) diffraction peaks and V112/300 is the intensity of the 
hollow between (112) and (300) diffraction signals of HAp. The obtained value was 0.76 
meaning that the sample had a feeble crystallinity, as is found in biogenic hydroxyapatite. 
Previous studies confirmed that the crystallinity of HAp is inversely related to the absorbability 
and the degree of bone resorption that take place at its surface.36-37 Given the XRD results, the 
synthesized HAp nanorods are promising materials to be introduced at the surface of biomedical 
devices intended for bone treatments.
HAp growth is restricted to the CTAB micellar surface and thus, we expected to obtain nanorods 
with a narrow size distribution corresponding to the CTAB micelles. Indeed, the TEM analysis 
(Figure 2b) confirmed that the material is formed by regular rod-like particles with similar 
aspect ratios and coincides with the expected size and resembles the elongation of 
hydroxyapatite crystals in bone.24 The ratio between the length and the diameter is also a 
decisive feature: the high length-to-diameter ratio of nanorods facilitate absorbability on the 
surface of the bone and can self-organize better than different morphologies to form a coating 
which can seal damaged surfaces over a broader area.38
SEM observations revealed that the nanorods had a tendency to aggregate, showing a random 
network pattern composed of profoundly agglomerated nanorods (Figure 2c, Figure S1). The 
size of the clumped nanoparticles is suggestive of being notably similar. The quantitative 
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analysis of the images (Figure S2a) shows that the average size of the nanorods is 96 nm with a 
unimodal distribution, as was expected.32 In a previous work, SEM images were analyzed, trying 
to determine if the agglomeration had an ordered or arbitrary orientation.19 The distribution 
obtained for the HAp nanorods used herein demonstrated that their arrangement had a preference 
for a specific organization, following a bimodal distribution with main peaks centered at 43 and 
139° (Figure S2b). This fact denotes that the nanoparticle aggregation process is not isotropic 
but has favored alignments presumably associated with the shape and area of the nanorods. Apart 
from this, the ridged topography of the agglomerates may generate good anchoring points for 
osteoblastic cells to adhere.39
HAp exhibits Ca2+ and PO43– on its surface, which can act as adsorption sites for electrostatic 
proteins.40 HAp nanorods dispersed in water have ζ-potential of −14 mV and is consistent with 
previous studies.41 This negative ζ-potential suggested that HAp nanorods can interact with 
cationic polypeptides via electrostatic interactions. Real time by QCM-D (Figure 3) was used to 
confirm this hypothesis. This equipment allows detection of adsorption of small amounts of 
material (in the order of nanograms per square centimeter) to a gold-coated quartz sensor.42-44 In 
QCM-D, the quartz crystals are exposed to acoustic excitation and oscillate as a result. The 
oscillation frequency is related to the quantity of adsorbed materials and quantification of 
frequency changes upon contact with a solute are used to determine whether deposition occurs.
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Figure 3. a) Representative normalized variations of frequency (ΔFn/n) and dissipation (ΔDn) for 
the 5th overtone during the assembly of [PLL/HAp]3 films. b) Thickness growth of the 
[PLL/HAp]3 films calculated from the Voigt-based viscoelastic model (black) and data fitting 
(red) showing linear growth of the LbL construct. Three independent experiments are depicted.
The continuous decrease in ΔF5/5 with each incremental deposition step confirms successful LbL 
buildup (Figure 3a). Changes in dissipation are related with variations of the viscoelastic 
properties of the formed construct: high dissipation indicates viscous behavior and damping, 
associated with the assembly of “soft” films. Likewise, a decrease in ΔD5 is typical of structural 
transformation from a dissipative nonrigid surface to a stiffer one. Herein, ΔD5 increases with 
each incremental layer, including during the adsorption of the HAp nanorods. One would expect 
that the adsorption of a ceramic material would increase the stiffness of the films, but the results 
suggest presence of interfacial hydration layers on the surface of HAp.45 Such a layer appears 
mainly constituted by H2O molecules coordinated to superficial Ca2+  ions approximately in a 1:1 
ratio.46 The film thickness (Figure 3b) increased linearly during the buildup. After the 
adsorption of 3 bilayers, a thickness of 67 nm was obtained, which corresponds to a total area 
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density of 7.8 µg cm–2. Of note, the film growth was higher during the adsorption of HAp 
nanorods (Figure 3a). This is due to the contribution of the above mentioned interfacial 
hydration layers, which translates into more film mass per surface area than their more flexible 
polycationic macromolecular counterparts. It is also noteworthy how HAp nanorods were easily 
intercalated with the macromolecular compound. Previous experiments with Bioglass® 
nanospheres required the use of additional polyanion layers to form stable LbLs as the charge of 
the inorganic material was not sufficient to build a stable construct.30-31
The osteoconductive potential of HAp-embedded LbL films was evaluated by immersion of the 
constructs in SBF (Figure 4). 
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Figure 4. Mineralization assessment of [PLL/HAp]3 films. (a) QCM-D measurements of 
dissipation for the 5th overtone. Data fitting depicts a logarithmic approximation (red). (b) XRD 
spectra of the LbL constructs after 1, 4, 7 and 14 days of immersion in SBF. XRD spectra were 
treated to remove the strong diffraction signals produced by gold and quartz. (c-i) Scanning 
electron microscopy of the assembled films after 0, 1, 4, 7 and 14 days in SBF. The lines in (c) 
and (d) are artifacts from defects on the gold surface. (h, i) High-resolution field emission 
scanning electron microscopy with different magnifications up to 14 days.
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The ∆Dn of the films increased as time progressed. Significant increases were produced up to the 
seventh day, after which the variation was less pronounced (Figure 4a). The rise in dissipation is 
consistent with the formation of interfacial hydration layers which are coupled to the nucleation 
and growth of a mineral hydroxyapatite phase over time.24 Apatite crystallization is associated 
with a decrease in the Gibbs free energy as a result of the electrostatic interactions that induce 
calcium and phosphate nucleation.47 Mineralization starts with a complex process of initial 
nuclei formation and growth. There are different theories explaining this phenomenon. Works 
from Rodríguez Clemente et al.48 and López Macipe et al.49 have described the crystallization 
route of hydroxyapatite at 37 ºC as the result of the coexistence of the amorphous calcium 
phosphate and octacalcium phosphate precursors in the mineralization solutions. Furthermore, 
Takadama et al.50 have reported that an amorphous calcium phosphate initially forms during the 
nucleation stage and then mutates to a crystalline apatite. X-ray diffraction was used to analyze 
the crystallinity of the mineralized phase (Figure 4b). Information about the development of the 
mineralization progress was obtained by the reflection specific to the apatite phase ((211) [2Ɵ = 
31.8 degrees]). The intensity of this peak increased over time, getting to the highest value after 
14 days of mineralization. This increase showcases the formation of crystalline hydroxyapatite 
similar to the ones found in natural bone. Furthermore, as it can be inferred from the SEM 
images (Figure 4c-i, Figure S3), the mineralization of [PLL/HAp]3 films started to manifest 
notoriously after the fourth day of immersion in SBF. After 14 days, the surface was entirely 
covered by a mineral layer with the typical cauliflower-like morphology of apatite layers. Thus, 
the in vitro formation of HAp layer by SBF demonstrated that [PLL/HAp]3 films are 
osteoconductive.
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The QCM-D, XRD and SEM results are in good agreement with the EDS analysis (Table S1). 
On the one hand and as expected, the Ca and P presence in the samples increased gradually as 
the mineralization progressed. On the other hand, surfaces mineralized for 14 days exhibited a 
Ca/P ratio of 1.91. As mentioned above, ACP is a precursor phase that precedes the formation of 
crystalline hydroxyapatite in a supersaturated calcium phosphate solution. ACP particles consist 
of a random assembly of ion clusters, with a Ca/P molar ratio of about 1.2 compared to the ratio 
of 1.67 found in stoichiometric hydroxyapatite.51 The ratio of 1.91 determined for the studied 
LbL is higher than either of these values, suggesting that, in addition to calcium phosphate, 
calcium oxide (CaO) is forming as well. Previous studies have demonstrated that higher Ca/P 
ratios induce increased osteoblast adhesion,52 but can also lower osteoblast viability.53 Cells 
response towards the substrate is paramount to develop bone/biomaterial interfaces, as the 
adhesion of cells to biomedical devices and their viability is an essential factor in defining 
biological compliance.
SaOs-2 osteoblast-like cells were chosen to evaluate the cytotoxicity of [PLL/HAp]3 envisaging 
the use of these films as mineralizing coatings for implantable devices that will interface with 
bone. Cells were cultured in contact with [PLL/HAp]3 films and [PLL/HAp]3 films incubated for 
7 days in SBF. This period of mineralization was chosen based on the hydroxyapatite layer 
growth (Figure 4). After 3 days of culture, the number of osteoblasts adhered to the substrates 
and their viability was assessed (Figure 5, Figure S4). The number of adherent cells (Figure 5a) 
and cell viability (Figure 5b) was similar for both substrates. However, microscopy observation 
evidenced clear morphological differences (Figure 5c-f). Staining the cytoskeleton with 
phalloidin showed that the cells adhered to mineralized substrates were more elongated than cells 
on [PLL/HAp]3 films. HR-SEM images confirmed the formation of filopodia extensions from 
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osteoblasts adherent on both substrates, though these cytoplasmic projections were more 
numerous, longer, and branched in the SaOs-2 cells cultured on mineralized surfaces as 
compared with the pristine ones. The abundance of long filopodia with lateral protrusions is in 
agreement with the response of osteoblastic cells to surfaces engineered to promote high 
spreading and strength of adhesion.54-55 With more developed filopodia from SaOs-2 cells on our 
mineralized films, we confirm that their resemblance with the crystalline hydroxyapatite promote 
a more intimate contact of osteoblasts than on non-mineralized [PLL/HAp]3 films.
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Figure 5. SaOs-2 osteoblast-like cells cultured on [PLL/HAp]3 and mineralized [PLL/HAp]3: (a) 
number of adherent cells and (b) their viability on [PLL/HAp]3 before and after 7 days of 
mineralization; Data are means ± standard deviation (p>0.05). (c, e) Representative fluorescence 
microscopy micrographs showing cytoskeletal organization of SaOs-2 cells after 3 days of 
culture in contact with the studied substrates (nuclei stained in blue with DAPI and actin 
filaments in the cytoskeleton in red with phalloidin). (d, f) SEM images of SaOs-2 showing 
formation of filopodia with different lengths in response to the underlaying substrate.
CONCLUSIONS
We have developed a unique composite design to create a biomaterial interface that mimics the 
properties of natural bone by coupling ceramic layers with soft matter ones. The increase of the 
HAp surface area resulting from the elongated shape of the nanorods as compared to spherical 
formulations enhances the electrostatic interactions with polycations and make possible LbL 
build up. This class of LbLs are suitable for coating of implantable devices as they are 
osteoconductive and support cell adhesion, spreading and viability, opening a whole new range 
of possibilities to create a biocompatible interface for implantable systems targeting regeneration 
of bone tissue.
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S3, PDF); EDS for the composition of [PLL/HAp]3 films up to 14 days of incubation in SBF 
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In this work, we hypothesize that HAp nanoparticles can be immobilized into 
biomacromolecular ultrathin films to promote osteoconduction and enhanced osteoblasts 
response. We synthesized rod-like shaped HAp nanoparticles (96 nm long and 9 nm wide) with a 
surface charge of 14 mV using a double-reactor microfluidic system. The negatively charged 
nanorods were incorporated into layer-by-layer (LbL) constructs by alternating deposition with 
the polycation poly-L-lysine (PLL) on bidimensional gold and glass substrates. The opposite 
charge of these building blocks allowed a steady film growth of three PLL/HAp layers with 
thickness of about 70 nm. The formation of mineralized hydroxyapatite was induced by soaking 
[PLL/HAp]3 films in simulated body fluid. X-ray diffraction, energy-dispersive X-ray 
spectroscopy,and scanning electron microscopy confirmed the formation of the typical 
cauliflower-likemorphology found in crystalline hydroxyapatite after 7 days and a Ca/P ratio of 
1.91. SaOs-2osteoblast-like cells attached to the mineralized surfaces and developed long 
filopodia withlateral protrusions that promoted high spreading and adhesion strength, contrary to 
non-mineralized samples. We showcased that this class of LbL is osteoconductive and supports 
cell adhesion, spreading and viability, opening a wide range of possibilities to generate 
biocompatible interfaces for orthopedic implants and fixation devices.
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